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Length measurement is a fundamental metric in the study of animals, and an important 
challenge in cetacean science. Whales are among the most difficult animals to measure alive, 
and a variety of techniques have been applied to this task, most relying on extrapolation from 
measurement of part of the body to total length. Kaikōura, New Zealand is one of the few 
places worldwide where sperm whales can be found only a few miles offshore, providing an 
ideal setting for the development of measurement techniques. My research used aerial 
photogrammetry from an unmanned aerial vehicle (UAV) to test the accuracy of estimating 
length from interpulse intervals (IPIs) in the whales’ echolocation clicks, and develop a new, 
recalibrated, equation. I used the new equation to estimate lengths from acoustic recordings 
of sperm whales at Kaikōura dating back to 1996, to investigate temporal and seasonal trends 
in size, and investigate the size structure of this population. This equation was also used to 
update estimates of individual growth, and examine trends in arrival and departure sizes. 
Nineteen whales were measured using aerial photogrammetry and via IPI. Both measurement 
methods produced repeatable results that were more precise than previously published studies 
(mean CV = 1.5% and 0.7%, respectively). The refined regression equation presented here is 
especially valuable because aerial photogrammetry allows direct measurement of the entire 
length of individual whales, and is of proven accuracy. In this sense, it is the “gold standard”. 
Applying the new regression equation to IPIs measured from 507 recordings dating back to 
1996 revealed a significant increase in mean length of whales in summer during recent years 
(2014 – 2019), with no trend in mean length during winters. The increasing size during 
summer months is driven by the same individuals returning, each time having grown slightly 
larger, and contributing to an aging population during this period. Growth rates were 
measured and updated for 37 whales that had been recorded repeatedly between 1996 and 
2019. Some whales showed evidence of growth levelling off, indicating that some individuals 
are reaching physical maturity at Kaikōura. This is the first research that has measured sperm 
whales using UAV photogrammetry. The revised equation for estimating total length via IPI 
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Chapter 1: Introduction 
 
Size is one of the most basic, yet important aspects of an animal’s endowment (Schmidt-
Nielsen and Knut, 1984). Size has profound consequences for structure and function, and is 
of crucial importance to the question of how an animal manages to survive (Schmidt-Nielsen 
and Knut, 1984). Body size is a significant determinant of an organism’s biological role, and 
is the fundamental parameter in allometric equations that predict a variety of physiological, 
anatomical, ecological, and life history parameters (Peters and Peters, 1983, Calder, 1984, 
Dillingham et al., 2016). Size can indicate age, as well as physical maturity, and length 
distributions can be used to estimate population parameters (Siler, 1979, Waters and 
Whitehead, 1990). Length measurements allow us to explore size class segregation, stock 
structure, and geographic form for species with wide distributions (Cubbage and 
Calambokidis, 1987, Perryman and Lynn, 1993, 1994). 
 
Growth, the measurable increase in size, is widely affected by external factors such as 
nutrition, age, and temperature (Von Bertalanffy, 1938). Patterns of growth may provide 
insight into ecological differences between populations, habitat, and sexes (Kasuya, 1991, 
Miller et al., 2013). Changes in the dynamics of a population are often reflected in the growth 
rates and sizes of individuals, and variations in these parameters can provide an objective 
means of measuring a population’s resilience to environmental or anthropogenic stresses 
(Evans and Hindell, 2004). Monitoring population parameters over time is also a critical 
component in determination of success of recovery efforts (Ratnaswamy and Winn, 1993). 
 
Photogrammetry is the science of obtaining reliable measurements by means of photographs 
(Konecny, 1985, McGlone, 2013). There are three main photogrammetric techniques used for 
size estimation of animals. In single-image photogrammetry, an object of a known size can 
be used to provide scale if it is visible at the same distance as the subject. Modern examples 
of this approach include the use of parallel lasers to project onto the target laser dots that are 
a known distance apart (e.g. Durban and Parsons, 2006, Rowe and Dawson, 2009, Webster et 
al., 2010, Rohner et al., 2011, Jeffreys et al., 2013). Alternatively, a single image along with 
range measurement can be used to estimate size (e.g. Perryman and Lynn, 1993, 2002, 
Ratnaswamy and Winn, 1993, Jaquet, 2006, Pitman et al., 2007). Stereophotogrammetry, the 
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third approach, employs simultaneous photographs from two cameras allowing measurement 
in three dimensions (Cubbage and Calambokidis, 1987, Dawson et al., 1995, Growcott et al., 
2012).  
 
Photogrammetry has long been applied in ecological research, and the measurement of wild 
animals, especially large species that are dangerous or difficult to capture (e.g. elephants 
(Loxodonta africana) (Croze, 1972), bowhead whales (Balaena mysticetus) (Cubbage and 
Calambokidis, 1987), whale sharks (Rhincodon typus) (Rohner et al., 2011, Jeffreys et al., 
2013) and killer whales (Orcinus orca) (Durban et al., 2015). Studies of cetaceans have used 
both single and stereo imaging systems, from a variety of different platforms. 
Photogrammetry has commonly been performed from small boats alongside cetaceans, using 
single imaging techniques with parallel laser systems (Durban and Parsons, 2006, Rowe and 
Dawson, 2009, Webster et al., 2010), as well as stereophotogrammetry (Bräger et al., 1999, 
Growcott et al., 2012). Vertical aerial photogrammetry of cetaceans has been executed using 
fixed wing aircraft (Ratnaswamy and Winn, 1993, Perryman and Lynn, 2002) and helicopters 
(Perryman and Lynn, 1993, Perryman and Westlake, 1998, Pitman et al., 2007), using both 
single image and stereo camera systems (Cubbage and Calambokidis, 1987). 
 
The low cost and high capability of unmanned aerial vehicles (UAVs) has dramatically 
changed this field in recent times (Christiansen et al., 2016a, Dawson et al., 2017, Pirotta et 
al., 2017, Domínguez-Sánchez et al., 2018, Burnett et al., 2019). UAVs can provide high 
quality imagery at a small fraction of the cost of traditional (manned) aircraft, and their small 
size and low noise provides the added advantage of minimising disturbance to the animals 
(Durban et al., 2015, Christiansen et al., 2016b). They allow researchers to study and observe 
animals in remote areas and have been used for a wide range of marine mammal research 
applications (Fiori et al., 2017), including sampling of whale breath condensate for pathogen 
research (Acevedo‐Whitehouse et al., 2010, Domínguez-Sánchez et al., 2018), abundance 
estimation of pinnipeds (Perryman et al., 2010, Goebel et al., 2015), and thermal imaging of 
whales for health assessment (Horton et al., 2017, 2019). UAVs also have strong potential for 
studies of cetacean behaviour (Nowacek et al., 2016, Fettermann et al., 2019). UAVs have 
some constraints, however, including typically short flight endurance, lack of water and salt 
resistance, and currently restrictive legislation (Linchant et al., 2015, Marine Mammal 
Commission, 2016).  
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The use of UAVs as photogrammetric platforms for measuring mobile animals is a recent and 
developing field (Dawson et al., 2017). Small vertical take-off and landing (VTOL) UAVs 
have shown to be effective, affordable and a less invasive alternative to manned aircraft for 
photogrammetry (Fiori et al., 2017). Relatively inexpensive “prosumer” UAVs, modified 
with very accurate LIDAR altimetry, have been shown to produce single image measurement 
accuracies of 99%, and produce highly repeatable photogrammetric measurements of whales 
(Dawson et al., 2017). Further, UAVs have the potential to provide additional information, 
previously unavailable, such as body condition (Durban et al., 2015, 2016, Christiansen et al., 
2016a, 2020, Dawson et al., 2017, Burnett et al., 2019). To date, UAVs have been applied to 
photogrammetric studies of humpback whales (Megaptera novaeangliae) (Christiansen et al., 
2016a), killer whales (Durban et al., 2015), blue whales (Balaenoptera musculus) (Durban et 
al., 2016, Burnett et al., 2019, Gray et al., 2019), gray whales (Eschrichtius robustus) 
(Burnett et al., 2019), southern right whales (Eubalaena australis) (Dawson et al., 2017), and 
minke whales (Balaenoptera bonaerensis) (Gray et al., 2019). Currently, there is no 
published research on the use of UAV photogrammetry for sperm whales.  
 
1.1 The sperm whale 
 
1.1.1 Distribution and behaviour 
 
Sperm whales (Physeter macrocephalus L.1758) are the largest of the suborder of 
odontocetes – the toothed whales, dolphins and porpoises, which navigate their surroundings 
using echolocation (Norris and Harvey, 1972, Au, 2012). Sperm whales are animals of 
extremes, with remarkably large body sizes, brain sizes, and home ranges (Whitehead, 2018). 
They repeatedly dive to depths of over 1000m (Whitehead, 2018), and generate sound with 
the highest biologically produced source levels recorded (Møhl et al., 2000). Sperm whales 
are the most sexually dimorphic of all cetaceans, with males growing up to 18 m in length 
and weighing close to 57 t, while females only reach 11 m, or around 15 t (Best, 1979). This 
sexual dimorphism is also reflected in their distribution; at around the onset of puberty, males 
leave their natal group of females and immatures, moving to higher latitudes (Best, 1979, 
Rice, 1989). Groups of females and calves, sometimes called nursery groups, typically 
confine themselves to warm waters of the tropics and subtropics. In contrast, males tend to 
inhabit colder waters than females, and are either solitary or form loose aggregations 
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(Caldwell et al., 1966, Rice, 1989, Jaquet et al., 2000). The largest males range to the ice 
edge in summer, and travel to the tropics in winter to search for nursery groups (Rice, 1989).  
 
1.1.2 Commercial whaling and current impacts 
 
Sperm whales survived the onslaught of the 19th and 20th century whaling period better than 
most other large whales (Whitehead, 2018). However, their low reproductive rate results in 
extremely low rates of population growth (maximum of 1% per year, Whitehead, 2002), and 
they do not recover quickly when depleted (Chiquet et al., 2013). This has led to their 
conservation status being listed as ‘vulnerable’ by the International Union for the 
Conservation of Nature (Taylor et al., 2008, IUCN, 2019). They are listed as ‘data deficient’ 
under the New Zealand threat classification system (Baker et al., 2019). They are, however, 
sensitive to, and impacted by, anthropogenic actions (Whitehead, 2018). These impacts 
include anthropogenic noise (Harris et al., 2015, Farmer et al., 2018), entanglement in fishing 
gear (Barlow and Cameron, 2003, Hucke-Gaete et al., 2004, Reeves et al., 2013, Rendell and 
Frantzis, 2016, Richard et al., 2019), ingestion of plastic and debris (Jacobsen et al., 2010, De 
Stephanis et al., 2013, Unger et al., 2016, Chua et al., 2019), ship strikes (Frantzis et al., 
2015, 2019, Arregui et al., 2019), toxic contaminants (Nielsen et al., 2000, Bartalini et al., 
2019, Zhan et al., 2019), fisheries competition (Trites et al., 1997), tourism disturbance 
(Richter et al., 2006), and climate change (Cantor et al., 2017, Sousa et al., 2019, Albouy et 
al., 2020). Cumulatively, these impacts could have long lasting effects on sperm whales, 
particularly in areas where populations are small (Chiquet et al., 2013).  
 
1.1.3 Male sperm whales at Kaikōura 
 
Male sperm whales are present year-round in Kaikōura, New Zealand, only a few kilometers 
from shore (Jaquet et al., 2000). New Zealand’s continental shelf is narrow off Kaikōura with 
a steep gradient, dropping to a depth of 1000m just 5 kilometers from the coast, forming the 
Kaikōura canyon (Childerhouse et al., 1995). This area has been described as the most 
productive non-chemosynthetic habitat recorded to date in the deep sea (De Leo et al., 2010), 
and is a favoured feeding ground for sperm whales (Childerhouse et al., 1995, Jaquet et al., 
2000). Thus, it is an ideal opportunity to study sperm whales close to shore (Childerhouse et 
al., 1995). Sperm whales are the primary focus of the Kaikōura tourism industry, which is the 
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main driver of the local economy (Curtin, 2003). They are also important to Māori and 
considered a taonga (treasure) species (Gillespie, 1999). 
 
1.1.4 Past research at Kaikōura 
 
Due to the accessibility of sperm whales at Kaikōura, small, fast boats can be used for 
research, as opposed to the ocean-going vessels needed for further offshore work 
(Childerhouse et al., 1995, Miller and Dawson, 2009). Sperm whales are individually 
identifiable from unique and stable marks on the trailing edge of the flukes (Arnbom, 1987), 
which are raised clear of the water at the start of a dive. Photographs taken at this time 
provide a permanent record of identity (Childerhouse et al. 1995).  
 
The Marine Mammal Research Group (MMRG) of the University of Otago has been studying 
this population of sperm whales since 1990, with emphases on population abundance and 
dynamics (Childerhouse et al., 1995, Van der Linde, 2009, Somerford, 2019), effects of 
tourism (Richter et al., 2006), and acoustics and diving behaviour (Jaquet et al., 2000, 2001, 
Douglas et al., 2005, Miller et al., 2013, Guerra et al., 2017). The availability of sperm 
whales so close to shore has also provided an ideal setting for the development of body 
measurement techniques (Dawson et al., 1995, Rhinelander and Dawson, 2004, Growcott et 
al., 2011, 2012, Miller et al., 2013). Mark-recapture studies indicated that abundance of 
sperm whales in Kaikōura declined significantly from 1991 – 2007 (Van der Linde, 2009). 
This decline has continued. Cormack-Jolly-Seber (CJS) modelling indicates a significant 
decline of individuals using the study area, from 89 (95% CI: 60 – 131) in 1991, to 40 (95% 
CI: 33 – 49) in 2017 (Somerford, 2019). This analysis indicated that the decline was driven 
by abundance in summer; there has been no significant trend in winter abundance over the 
same period (Somerford, 2019). 
 
1.2 Sperm whale acoustics 
 
1.2.1 Sound production 
 
To forage, sperm whales make deep, repeated dives often to over 1000m (Whitehead, 2009). 
Off Kaikōura, these dives average 41.3 minutes (Jaquet et al., 2000). Between dives the 
whales surface for 9.1 minutes on average (Jaquet et al., 2000). Whilst foraging, sperm 
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whales emit short, broadband clicks that typically show a multi-pulse structure (Backus and 
Schevill, 1966, Growcott et al., 2011). These clicks are produced in the museau de singe at 
the front of the head, travelling backwards through the spermaceti organ, reflecting off an air 
sac at the front of the skull (Møhl et al., 2000). This sound energy is then focused by the 
spermaceti organ, making an extremely powerful echolocation system (Møhl et al., 2000). In 
the search phase of the dive, clicks are regularly spaced at intervals of 0.5 – 1 seconds. When 
a target is detected, click rate increases, eventually sounding like a creak, which is assumed 
to indicate short range sonar during prey capture events (Whitehead, 2009, Guerra et al., 
2017). Off Kaikōura these clicks consistently begin within 25 seconds of fluking up, and on 
average cease 3.6 minutes before surfacing (Jaquet et al., 2001).The first ‘creak’ is produced 
on average 7.5 minutes into the dive, with rates of up to 90.9 clicks/s recorded (Jaquet et al., 
2001). Due to spending most of their time foraging at depth, sperm whales are well suited to 
being studied using passive acoustic monitoring (PAM) techniques (Beslin et al., 2018). 
PAM is especially informative in Kaikōura, as whales at higher latitudes are usually spaced 
further apart (Gaskin, 1970), allowing clicks to be easily isolated and assigned to particular 
whales (Childerhouse et al., 1995). 
 
1.2.2 Relationship between IPI and total length 
 
Norris and Harvey (1972) first proposed a mechanism for the multi-pulse nature of sperm 
whale clicks. They postulated that the interpulse interval (IPI) was a measure of the time 
taken for a click to travel from where it is produced at the front of the head (museau de singe; 
Fig. 1.1), posteriorly through the spermaceti organ until reflection off the air sac at the front 
of the skull, back through the spermaceti organ and out the front of the head (Norris and 
Harvey, 1972). Hence the IPI represents the two-way time for sound to travel most of the 

























As the length of the spermaceti sac and total body length are allometrically related, IPI can be 
used as a proxy to estimate the length of the whale (Gordon, 1991). Importantly, estimation 
of IPIs from acoustic recordings is non-invasive. This allows repeated measurements to be 
taken throughout the animal’s lifetime, enabling estimation of growth (Miller et al., 2013). 
But how accurate is this technique? Results differ according to recording and analysis 
methods, by depth, and click type. Replicate recordings of the same whale sometimes show 
variable estimates of IPI, and IPI is likely affected by conformational changes in the soft 
structure of the whale’s nasal complex during diving, resulting in variations of approximately 
0.2 ms (Bøttcher et al., 2018). The impact of this variation, for the size range of whales at 
Kaikōura (i.e. between 12-16.4 m), is small, causing a 25 cm difference in estimates of 
extrapolated length (Growcott et al 2011). Further, variation in IPI can be mitigated via 
standardisation of field recording protocol and use of large sample sizes (Growcott et al., 
2011). The most convincing validation of IPI as a measurement tool has come from 
photogrammetric measurements of the whales whose IPIs are being measured (Rhinelander 
and Dawson, 2004, Growcott et al., 2011). These studies used stereo camera systems to 
Figure 1.1: Anatomy of the sperm whale sound production system. Arrows show 
direction of sound propagation within the head of the sperm whale. From Miller (2010), 
adapted from Madsen et al. (2002a). 
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measure the blowhole to dorsal fin distance from individually identified whales as they rested 
at the surface between dives, then recorded their clicks when they dived. Whaling data were 
used to estimate total length from blowhole to dorsal fin measurements. While this is a large 
dataset, the accuracy of the whaling data is unknown. These complications could have 
important implications for size estimation, and for the ability to detect and segregate different 
sized whales (Bøttcher et al., 2018). Large errors in size estimates, if present, have the 
potential to confound estimation of demographic variables such as growth rate and size at 
maturity (Rohner et al., 2011).  
 
1.3 Study aims 
 
The demonstrated accuracy and precision of recent UAV photogrammetry systems has 
created an opportunity to check and recalibrate the commonly-used IPI methods for length 
measurement. Investigating the size structure of sperm whales at Kaikōura, and potential 
seasonal differences in size and growth rates, is another interesting thread to explore, and 
may help explain the ongoing decline in this population. The long-term data set of acoustic 
recordings allows us to look into the past and explore any changes in size structure over time. 
Changes in length distribution in whale populations can indicate the degree of depletion of a 
stock, as populations that have been heavily exploited are less likely to have older and thus 
larger individuals (De La Mare, 1983, Jaquet, 2006). We know that there are differences in 
abundance between summer and winter seasons in Kaikōura, so this could be reflected in the 
seasonal size structure and growth rates of these whales. Therefore, my specific research 
goals were to: 
 
1. Test the accuracy of the IPI method for measuring the total length of sperm whales 
using known accuracy photogrammetry from a hovering UAV, and develop a new 
regression equation for estimating total length. 
2. Describe the size structure of the population of sperm whales visiting Kaikōura, and 
investigate whether there has been a long-term trend in size between 1996 and 2019.  
3. Analyse growth rates of sperm whales visiting Kaikōura, and investigate trends in size 
at recruitment and departure in order to gain a better understanding of the importance 
of Kaikōura as a habitat for sperm whales. 
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In this study I used data from the long-term research programme that was started in 1990 by 
Steve Dawson and Elisabeth Slooten, and which has been contributed to by many researchers 
from the MMRG. I contributed to this data set between 2017 – 2019 during four field 
seasons, collecting photo ID data, acoustic recordings, and UAV photogrammetry 
measurements. This information will advance our understanding of the IPI method, provide 
insight into the decline of sperm whales at Kaikōura, and enhance our knowledge on cetacean 

























Chapter 2: Aerial photogrammetry of sperm whales in 





Although length measurements can be easily attained for many species, obtaining accurate 
measurements of length for large animals can prove challenging (Rohner et al., 2011). Due to 
their sheer size, whales are among the most difficult animals to measure alive (Dawson et al., 
1995). Early studies of size and growth in male sperm whales are scarce, and rely on age and 
length data from 20th century whaling catches (Nishiwaki et al., 1963, Gaskin and Cawthorn, 
1973, Lockyer, 1981a). The measurements achieved in these studies laid the foundation for 
what is known about size and growth parameters in the species, but were only possible via 
lethal means. Some of the most interesting ecological questions require individuals to be 
repeatedly measured throughout their lifespan, which is impossible in whaling (Miller et al., 
2013). Whaling data are also limited in that measurements out of water may result in 
distorted body shape and proportions, and detailed investigations into behavior of known size 
whales is clearly impossible once individuals are dead (Klimley and Brown, 1983, Dawson et 
al., 1995).  
 
2.1.1 Previous length estimation of sperm whales 
 
Gordon (1990) presented the first non-lethal means of measuring sperm whales, by 
employing a single camera from a known height up the mast of a yacht, and measuring the 
angle between the whale and the horizon. He measured the distance between the tip of the 
head and the dorsal fin whilst the whale was resting at the surface. Total length was then 
calculated from the regression of this length against the total length, using data gathered from 
whaling (Best, 1990, Gordon, 1990). Crow’s nests and mast steps are not usually available on 
small boats, and the prevailing swell conditions at Kaikōura were too rough for Gordon’s 
method to be reliable, leading Dawson et al. (1995) to develop a stereophotogrammetry 
system. This system proved more accurate than Gordon’s method, but was cumbersome to 
use in the field and in analysis. Like Gordon (1990), total length was estimated using an 
allometric relationship derived from whaling data (Dawson et al., 1995). It also required the 
boat to approach close alongside (ideally c.30 m) the whale for measurement, then move 
slowly behind the whale for the tail fluke identification photograph. Sperm whales can be 
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sensitive to nearby boats, especially if alongside, and sometimes shallow-dived or fluked 
early before the boat was in position for the ID shot, precluding identification (Jaquet, 2006).  
 
A completely different measurement approach, using IPI and based on a hypothesis by Norris 
and Harvey (1972) for how sperm whale clicks are produced, was first compared to 
photogrammetrically estimated lengths by Gordon (Gordon, 1991). This study proposed a 
new empirically derived relationship between IPI and body length, but relied on manual 
methods for measuring IPI, and had a sample size of only 11 small individuals (only one was 
>12 m) (Gordon, 1991). Rhinelander and Dawson (2004) employed the stereo 
photogrammetric system described in Dawson et al. (1995), whilst recording large sperm 
whales (>12 m) at Kaikōura. This study also relied on manual methods for measuring IPIs, 
yet proposed a new regression relationship for whales in a larger size range (12-16 m), 
utilising a larger sample size. Stereo photogrammetry provided better precision than single 
camera systems in remeasurements of the same individuals (Gordon, 1991; Rhinelander and 
Dawson, 2004; CVs 4.4% and 3.1%, respectively).  
 
Jaquet (2006) trialed an approach used for other species of whales (Calambokidis et al., 
2001), using a single camera combined with a laser-rangefinder to take an identification 
photograph of the fluke while simultaneously measuring the distance to the fluke. Using data 
from whaling and strandings, she developed a relationship between fluke width and total 
length (Jaquet, 2006). Her measured data were quite precise (mean CV 1.3%), but the 
approach was more prone to error in extrapolation to total length, because the relationship 
between fluke width and total length is much weaker (r! = 0.87; Jaquet, 2006) than the 
relationship between blowhole to dorsal fin and total length (r! = 0.97; Best, 1990).  
 
The stereophotogrammetry method was revisited by Growcott et al. (2012), updating the 
obsolete film-based cameras with digital cameras. The principal benefits of this were better 
synchronisation between the cameras, and much easier and more robust image measurement 
in software, rather than via an analog stereo plotter (Growcott et al., 2012). Repeat 
measurements from the blowhole to the dorsal fin of the same whale at the surface showed a 
mean CV of 1.57%, almost three times better than reported for the old, analog system (CV = 
4.4%; Dawson et al. 1995). The acoustic measurements of IPI were also greatly improved, by 
using a Pamguard IPI plugin developed by Miller (2010). This plugin employed cepstrum 
analysis for IPI estimation (Teloni et al., 2007), and averaged a large number of clicks, from 
 12 
varying aspects, ranges, and depths with respect to the hydrophone. By averaging all the 
cepstrums of clicks the aspect-dependent pulses tend to cancel, while the pulse of the ‘true’ 
IPI is reinforced (Growcott et al., 2011). This automated IPI estimation technique and 
reanalysis of recordings from Rhinelander and Dawson (2004) combined with digital 
stereophotogrammetry provided the largest sample size yet available to estimate the 
relationship between IPI and total length (Growcott et al., 2011). The IPI measurements were 
highly consistent within individuals (mean CV = 0.63%), and a new regression relationship 
relating IPI and total length was established, providing a better fit for large sperm whales 
(>11 m) than previous studies (Growcott et al., 2011). While Rhinelander and Dawson (2004) 
and Growcott et al. (2011) found that variation in IPI within individuals was small, their 
stereo photogrammetry still relied on extrapolating measured distances (blowhole to dorsal 
fin) to total length, using a relationship gained from whaling data. Thus, we are still unsure of 
the true accuracy of these estimates of total length.  
 
Dawson et al. (2017) developed a new photogrammetric method for measuring whales using 
a UAV with a fully calibrated camera system, and equipped with a custom-built LIDAR 
datalogger that measures altitude to an accuracy of about 2 cm. This new method has the 
advantage of measuring total length directly, as well as other parameters such as body shape, 
and hence condition (Dawson et al., 2017). Mean lengths of southern right whales measured 
using this system, each photographed between 7 – 15 times, had CVs ranging from 0.5 – 




The development of this new and highly accurate system provides an opportunity to measure 
the total length of sperm whales without relying on extrapolation, and test the accuracy of the 
IPI method of estimating total length. The opportunity to test this method is the aim of this 
chapter, with the intention to develop a new regression equation for estimating total length of 
sperm whales at Kaikōura using the IPI method. This will enable a more accurate analysis of 







2.2.1 Data collection 
 
The study site was an 821	km! area south of Kaikōura, extending offshore to 12 n.mi. east 
and 15 n.mi. south of the Kaikōura Peninsula (Fig. 2.1). Research was conducted in daylight 
hours in sea states of Beaufort 3 or less with no rain, and swell heights of less than 2 m. Data 
were collected from RV Grampus, a custom-built 6 m research boat powered by a 115 hp 4-




Data collection for this project followed a similar established methodology that has been used 
for a long-term research programme by Otago University’s MMRG. Between 1990 and 1994 
a 10 n.mi. N-S transect was conducted each day from a randomized start point along the 
northern edge of the study block (Childerhouse et al., 1995), followed by tracking of the 
nearest whales. Data from 1994 to 2015 were collected by tracking the closest whale from a 
Figure 2.1: A map of the Kaikōura study site, with each block representing 4X4 n.mi. 
Red line indicates 12 n.mi boundary of New Zealand territorial waters, blocks where 
research was carried out are A1-A5, B1-B5, C1-C4, and D1-D3. 
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start point at the edge of the Kaikōura canyon (Jaquet et al., 2000, Van der Linde, 2009). 
Tracking was facilitated by use of a custom-built directional hydrophone with a range of 5 - 
10 km (Dawson, 2000, 2014). When the closest whale had been tracked and photographed, 
the next closest whale was tracked, and so on. This protocol was slightly altered from 2014 
by Guerra (2018) in that a random starting point within the study area was used each day to 
ensure the area was covered equally. Acoustic tracking allowed the research vessel to be 
within a few hundred metres of the whale when it surfaced, and the vessel was further 
manoeuvered to within 50 m for photo identification. Photographic methods have remained 
consistent; multiple photos were taken of the individual upon fluke-up, using Nikon DSLR 
cameras with 80-200 mm or 300 mm lenses. Photographs were only used for identification if 
they were in focus, showed the entire fluke, and the fluke was at a vertical angle with the 
photo taken from directly behind. Sightings and search effort were logged using a Hewlett 
Packard 200LX palmtop computer, interfaced with an onboard GPS. This also recorded 
encounter data, such as date, time of surfacing, time of diving, and vessel position. These 
methods have been standard procedure in the long-term research programme.  
 
With the vessel manoeuvered behind the whale, recordings were made using a 50 m custom-
built stereo hydrophone array (Barlow et al., 2008) with a Roland R44 digital recorder with a 
sampling rate of 96kHz – 16 bit. Recordings started when the whale dived. The typically 
vertical descent of diving sperm whales ensured consistent orientation of the whale to the 
hydrophone (i.e. facing directly away), at least for the first several minutes of the dive 
(Rhinelander and Dawson, 2004, Growcott et al., 2011, Miller et al., 2013). To be consistent 
with previous acoustic analysis (Growcott et al., 2011), clicks from target whale were 
recorded until (a) at least 15 minutes of continuous recording was completed, (b) the target 
whale was judged to be too far away, or (c) other whales appeared to be closer to the 
hydrophone array or louder than the target whale. Photo-identification of whales, and the fact 
that whales at Kaikōura are almost always alone, and generally spaced > 1.8 km apart 
(Childerhouse et al., 1995) ensured that acoustic recordings could be confidently assigned to 
particular whales.  
 
When conditions were suitable, a DJI Inspire 1 Pro Quadcopter equipped with gimballed 
micro 4/3 camera with an Olympus 25mm f1.8 lens (Fig. 2.2) was flown at 25-30 m above 
the whale as it swam at the surface, to gain images for photogrammetry. Image scale was 
established using an independently powered LIDAR/GPS data-logging system recording 
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altitude and GPS location at 1 Hz, as described in Dawson et al. (2017) (Fig. 2.2). All flights 
were conducted from RV Grampus, with the aid of an assistant “catcher” at the bow for take-
off and landing. Flights were generally 8-12 minutes in duration, and were made in 
conditions with a sea state of less than Beaufort 3, generally over smooth water. A consistent 
altitude was maintained when photographing the whales to ensure reliable LIDAR data. To 
maximise accuracy we aimed to take photographs when the whales were as straight (laterally 
and unflexed) as possible, which often occurred immediately before they dived. To allow a 
substantial safety margin, our protocol was to land back on board with at least 40% battery 
capacity remaining. Our UAV was painted red to increase visibility to aircraft, and we set a 
maximum altitude of 40 meters in the flight software. Our flight procedures were developed 
in consultation with the Civil Aviation Authority, and with all of the whale tour operators at 
Kaikōura. Tourism operators were notified of an intention to fly on a specific day (via text 
messages), and of each take-off and landing via VHF radio. All appropriate permissions from 
tourism operators, as well as a research permit from New Zealand’s Department of 














Figure 2.2: Components of the UAV system (from Dawson et al. 2017). 
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2.2.2 Acoustic length estimation 
 
Recordings were analyzed first using the software Audacity to standardize time of recordings, 
and to remove the first 2 minutes due to potential overlap of surface echoes. The Pamguard 
IPI plugin, using parameters identical to (Miller, 2010) was employed, using cepstrum 
analysis to determine the IPI of the individual in the recording. This was then extrapolated to 
estimate total length using the equation provided by Growcott et al. (2011). Pamguard also 
has built-in features allowing clicks from other whales to be filtered out, with a click 
detection algorithm allowing thresholds to be altered. Furthermore, computation of bearings 
to the sound sources allows signals from shallow bearings to be excluded. Recordings in 
which other whales were loud, or the target whale deemed to be too distant, were removed 
from the analysis. To maximise sample size, recordings were analysed from approximately 2 
minutes after fluke up until the signal to noise ratio of clicks was deemed too low. 
Recordings were used from summer and winter seasons in 2018 and 2019. IPIs from each 
encounter were used to derive a length estimate for that individual. The peak width of each 
ensemble IPI was used as the measure of uncertainty for recording. This width was measured 
at 75% of the maximum value, which has been empirically shown to give reasonable results 
(Miller, 2010). Multiple recordings of the same individual within a season were averaged to 
yield a length estimate for that season. Following Miller’s (2010) method, a minimum 
threshold of 1 ms was used to exclude measurements of high uncertainty (typical IPI values 
range from 5 – 8 ms). No recordings failed this criterion (n = 129). 
 
2.2.3 Photogrammetric measurements 
 
“Whalength”, a graphical user interface (GUI) programmed in MATLAB (Mathworks, 2019), 
by Eva Leunissen (see Dawson et al., 2017, Fig 2.3) for measuring southern right whales, 
incorporated measured camera calibration parameters, LIDAR ranges and tilt data into the 
measurement process. LIDAR altitude data bracketing the precise time at which each 
photograph was taken were checked to ensure altitude readings were stable, and not 
influenced by very occasional outliers. Using Whalength, the total length of the animal was 
measured by marking a series of points along the whale from the tip of the nose, along the 
spine, to the fluke notch. The software then fits a smooth curve to these points to minimise 
any effect of pointing error. Image sharpness (recorded on a scale of one to four, one being 
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sharp, four being blurry), fluke level (whether at the surface or apparently drooped), and 
surface water state were also entered. Images were used for measurement only if they scored 




2.2.4 Statistical analysis 
 
In order to derive an updated equation for estimating total length via IPI, a weighted linear 
regression was computed in accordance with York et al. (2004). This regression allows error 




Good weather allowed for flights over whales on 27 out of 127 days spent at Kaikōura. Sixty-
nine flights were conducted, resulting in a total of 205 aerial images for photogrammetric 
analysis, taken from altitudes between 22.35 – 35.04 m (mean = 27.12 m). Twenty-one 
individual whales were represented in these images. Image quality was typically high (e.g. 
Fig 2.4).  
Figure 2.3: Screenshot of the MATLAB GUI, showing the total length measurement of a sperm 





Each whale was encountered on average 7.5 times (range 1 – 35). There was an average of 
13.5 measured images per whale (range 3 - 30). A total of 129 recordings were made from a 
total of 29 individual whales (mean number of recordings per whale = 4.6; range = 1 – 17). 
The mean number of clicks analysed per recording was 314 (range 100 - 938). IPI values 
ranged from 6.14 – 9.47 milliseconds (n = 129 recordings). IPI-estimated lengths ranged 
from 13.46 – 17.65 m (n = 129; estimation via Growcott et al. 2011 regression), whereas 
aerial photogrammetric lengths ranged from 13.86– 16.63 m (n = 205).  
 
Repeated photogrammetric measurement of the individual whales throughout a field season 
showed a mean coefficient of variation (CV = standard deviation/mean) of 1.5% (range 0.3% 
- 2.4%; standard deviation =	22 cm). IPI measurements from the same individuals had a 
mean CV of 0.7% (range 0.0% - 1.8%) which represents an average error of ±0.5 
milliseconds. Using Growcott et al.’s (2011) equation the IPI estimated lengths had a mean 




Figure 2.4 Aerial photograph of sperm whale at Kaikōura taken from the UAV.  
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Nineteen individuals had both acoustic recordings and high-quality UAV photogrammetry. 
The mean difference between aerial length measurements and acoustically derived length 
estimates using Growcott et al.’s (2011) equation was 45 cm (2.9% of body length), with a 
minimum difference of 4 cm and maximum of 114 cm.  
 








Figure 2.5: Aerial measurements vs. acoustically derived length estimates of known sperm 
whales at Kaikōura. (n = 19). Error bars represent standard error where appropriate. Points 






















































































2.3.1 Relationship between IPI and total length 
 
A weighted linear regression of IPI vs aerial photogrammetric total length was computed in 
accordance with York et al. (2004) in order to account for error in both variables (Fig. 2.6).  
 
The regression fit was highly significant (r2 = 0.44, P = <0.005, n = 19) and results in a new 
equation for estimating total length via IPI: 
 
𝑇 = 1.056𝐼 + 7.387 
 
where T is total length and I is IPI. The slope and intercept of the linear model had standard 
errors of 0.067 m/ms and 0.479 m respectively.  
Figure 2.6: Weighted linear regression of mean click interpulse interval (I) vs aerial 
photogrammetric estimate of total length (T) in accordance with York et al. (2004). Error bars 
indicate standard error, shaded area around the regression line indicates standard error of the 
































2.4.1 Variation in length estimates 
 
Within individuals measured using both methods, IPI estimated lengths were less variable 
than the photogrammetric length estimates (CV = 0.7% vs. CV = 1.5%). Two factors are 
likely responsible for this. Firstly, whales are inherently flexible which will affect 
photogrammetric accuracy (Dawson et al., 1995). Whales were nearly always swimming at 
the surface when photographed, and continuously moving. Although only images where the 
whale appeared straight were used for analysis, some imprecision is inevitable. Secondly, 
variations in the altitude of the UAV may provide unreliable LIDAR readings. I attempted to 
minimize this by maintaining a steady flight altitude and critically assessing LIDAR values 
before using pictures for measurement. Although the IPI length estimates appear more 
precise, the full extent of the uncertainty (the extrapolation error) is not shown. They are 
probably less accurate than the aerial length estimates as they rely on extrapolation.  
 
2.4.2 An updated relationship between IPI and total length 
 
The new equation does not fit (r2 = 0.44, n = 19) as closely as Growcott et al’s (2011) 
equation (r2 = 0.77, n = 33), and there appears to be no obvious trend in the differences 
between IPI estimated length and aerial photogrammetric lengths. Fit could be improved with 
a greater sample size, but some imprecision will arise from variation in head sizes and 
potential changes in body proportions as individuals grow (Fujino, 1956). Individual 
variation will always be difficult to account for, and affect the accuracy of IPI estimated 
lengths. 
 
Weilgart and Whitehead (1988) proposed that slow clicks made by large male sperm whales 
may inform others on the breeding ground about competitive ability and maturity of potential 
rivals, by containing information about body size of the slow-clicking whale. Such 
information could reduce physical conflict (Weilgart and Whitehead, 1988), which between 
very large animals could easily result in serious injury. This might also apply in high-latitude 
feeding habitats (Madsen et al., 2002b). For whales with larger head sizes proportional to 
total length, this could potentially serve as an advantage as they may sound bigger than they 
are. Some whales in this analysis appeared to “sound” bigger (i.e. when measured via IPIs) 
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than they were when measured via the UAV, which theoretically could be beneficial in 
intrasexual competition if this holds true. This could also indicate the regression relationship 
is not as accurate for larger whales.  
 
2.4.3 Comparison of length estimation methods 
 
The use of UAVs for photogrammetry of sperm whales has the advantage of measuring total 
length directly. There is no need for extrapolation from some other measurement (Gordon, 
1991, Dawson et al., 1995, Rhinelander and Dawson, 2004, Jaquet, 2006, Growcott et al., 
2011). It has also proven to be very accurate, and a relatively inexpensive method for 
measuring whales (Dawson et al., 2017). In future, should conditions allow, it should be the 
preferred method for length measurements of sperm whales. The approach can also provide 
measurements of body widths at specific intervals of length, fluke width, nose to dorsal fin 
length, and other body parameters that may be of interest. However, wind and sea conditions 
do not always allow flying a UAV. Throughout the course of this study I managed to record 
29 whales acoustically but was only able to measure 21 using the UAV. A hydrophone array 
can be deployed for acoustic recordings in less favorable conditions, and is less affected by 
wind and swell. In these situations, or for those without access to a photogrammetric UAV, 
the IPI method remains useful. Consequently, refinement of the IPI equation through aerial 
photogrammetry with known accuracy will prove useful for future research into length 
estimation.  
 
One big advantage of the IPI method is that provided recordings exist, it allows retrospective 
analysis. We have high-quality recordings of known individuals going back to 1996, and 
could thus investigate the past size structure of sperm whales visiting Kaikōura, and 
determine whether that has changed. As this would rely on the extrapolation of the IPI 
method for these length estimates, it is important to have a relationship between IPI and total 
length that is as accurate as possible. The refined regression equation presented here is 
valuable because it is based off the relationship between IPI and a measurement of total 
length, rather than an estimate of total length. We now have direct knowledge on how IPI 




As mentioned in previous length estimation studies at Kaikōura (Dawson et al., 1995, Jaquet, 
2006, Growcott et al., 2011), the regression equation offered here is appropriate for larger (12 
– 16 m) sperm whales found at high latitudes, and may not be appropriate for females and 
calves. Aspects such as recording and analysis methods, click types and depth can also result 
in variability in IPI within individuals, affecting extrapolation to total length (Bøttcher et al., 
2018).  
 
2.4.4 Expanding use of UAVs in ecology 
 
Although no behavioural reactions were observed towards the UAV in this study, there is 
potential for disturbance to the whales (Fettermann et al., 2019). Christiansen et al. (2016b) 
established that the noise from the DJI Inspire 1 Pro was above background noise at 1 meter 
depth only when flying at altitudes of 5-10 m. This is well below the altitudes flown at in this 
study (22.35 – 35.04 m). At these altitudes UAV noise couples poorly into the water, and is 
likely masked by the noise of wind, waves, and our research vessel (Christiansen et al., 
2016b). The behavioural responses of whales to the UAV should continue to be monitored, 
with a precautionary approach taken towards further UAV research in this area that may be 
conducted at lower altitudes (e.g. blow sampling). 
 
The use of UAVs in ecology is rapidly expanding (Fiori et al., 2017, Gray et al., 2019, 
Horton et al., 2019, Frouin-Mouy et al., 2020). Any high-technology method is subject to 
substantial improvement over short periods. Our UAV platform, the DJI Inspire 1 Pro, is a 
mid-size quadcopter with high quality camera system but relatively short flight time. 
Improving technology has resulted in much smaller, cheaper UAVs with equivalent or better 
image quality, flight characteristics and longer flight time (e.g. Mavic Pro). Providing the key 
issues of lens distortion and accurate altitude measurement can be addressed (see Dawson et 
al. 2017), these smaller flight platforms could be better suited to routine use from small boats. 
 
This study was limited by sample size, as it was often difficult to get aerial measurements and 
acoustic recordings simultaneously. Often we could achieve only one flight before weather or 
time prevented us from gathering more data. Nevertheless, this study proves that operation of 
a mid-size quadcopter from a small boat in conditions of moderate swell and wind, whilst 
challenging, is possible. The UAV was launched and retrieved from the front of the boat with 
the help of an assistant (with no injuries in the process). Along with smaller, cheaper flight 
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platforms becoming more available, this opens up a range of new questions for this research 
field. Although sperm whales at Kaikōura spend very little time at the surface (Jaquet et al., 
2000), surface feeding, breaching, and interaction with other individuals are occasionally 
observed. Within the restriction of their flight endurance, UAVs are ideal for observing 
behaviours that are difficult to observe from sea level on a research vessel, with less 
disturbance (Christiansen et al., 2016b). There is potential for assessing whale health via the 
collection of blow samples (Pirotta et al., 2017), infrared thermography (Horton et al., 2019), 
as well as measuring body condition and mass (Dawson et al., 2017, Christiansen et al., 





















Chapter 3: Seasonal and long-term variation in the size 




Length measurement plays an important role in the assessment of size and structure of whale 
populations, allowing us to estimate age of sexual and physical maturity, and other 
population parameters (Gaskin and Cawthorn, 1973, Waters and Whitehead, 1990, Evans and 
Hindell, 2004). These parameters can provide an objective means of assessing a population’s 
resilience to environmental and anthropogenic stresses (Caughley, 1977, Hanks, 1981). For 
effective management of populations, assessing changes in demographic parameters is 
important (Evans and Hindell, 2004). Non-invasive methods of size determination allow for 
monitoring of population structure without removing individuals (Adler-Fenchel, 1980). 
Measurement of sperm whale size based on features of their echolocation clicks is now 
widespread, and has been used to monitor the ecological dynamics of sperm whales around 
the world (Adler-Fenchel, 1980, Rhinelander and Dawson, 2004, Growcott et al., 2011, 
Caruso et al., 2015). Previous length estimates of sperm whales visiting Kaikōura imply that 
they are sexually mature subadult males, and do not grow as fast or reach the same size as 
whales taken during whaling periods (Miller et al. 2013), though this result may be an 
artefact of size selection by whalers. 
 
3.1.1 Abundance trends of sperm whales at Kaikōura 
 
Mark-recapture studies indicate that the number of sperm whales visiting Kaikōura declined 
significantly from 1991 – 2007 (Van der Linde, 2009). Recent studies have shown this 
decline has continued, with Cormack-Jolly-Seber (CJS) modelling indicating a significant 
decline of individuals using the study area from 89 (95% CI: 60 – 131) individuals in 1991, 
to 40 (95% CI: 33 – 49) in 2017 (Somerford, 2019). Robust design analysis indicated that this 
decline was driven by a decrease in abundance in spring and summer, from 43 individuals 
(95% CI: 12 – 148) in 1990, to 23 individuals (95% CI: 16 – 32) in 2017 (Somerford, 2019). 
There has been no significant trend in winter abundance over this time (Somerford, 2019).  
 
Different individual sperm whales can be present between seasons, and none are considered 
truly resident in Kaikōura (Childerhouse et al., 1995, Jaquet et al., 2000). Previous research 
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also indicates that the habitat use of whales at Kaikōura is partitioned seasonally 
(Childerhouse et al., 1995, Jaquet et al., 2000), which has been observed in several cetacean 
species (Gowans and Whitehead, 1995, Simon et al., 2010, Viddi et al., 2010). There also 
appears to have been a decline in the daily density of whales year-round (Sagnol et al., 2014). 
There is no evidence for an impact on survival rate (Somerford, 2019). The large ranges of 
sperm whales (Whitehead et al., 2008) imply that that this decline more likely reflects a shift 
in distribution away from the study area. Their duration and frequency of visits to Kaikōura 
may be changing, and/or they may be favouring areas further offshore. The influence of 
oceanographic variability on prey availability has been identified as a factor potentially 
contributing to this decline (Guerra, 2019), but no robust conclusions can be drawn about 
causes. 
 
3.1.2 Size structure of populations 
 
Changes in size structure of populations due to environmental factors and exploitation have 
been recorded across a range of taxa. In many fisheries, the targeting of large individuals 
results in a decrease in mean size (Haedrich and Barnes, 1997, Shin et al., 2005, Garcia et al., 
2012), as well as maturation at smaller sizes and reduced fecundity (Barot et al., 2004, 
Kuparinen and Merilä, 2007, Polovina and Woodworth-Jefcoats, 2013). Similar changes have 
been noted in Steller sea lions (Eumetopias jubatus), where a population decline coincided 
with reduced body size (Calkins et al., 1998). Reduction in body size has also been observed 
in African wild dogs (Lycaon pictus), linked to decreased resource availability (McNutt and 
Gusset, 2012), as well as in polar bears (Ursus maritimus), in which decreased body length in 
adults, and smaller body size in juveniles corresponded with reduction in sea ice (Rode et al., 
2010).  
 
As described above, individual whales visit Kaikōura on different timescales; some visit 
repeatedly and regularly, while others visit occasionally or appear to be passing through. 
Additionally, abundance varies seasonally. These observations suggest that size structure 
could also differ seasonally or over longer periods of time. The acoustic recordings gathered 
in the long-term monitoring programme by researchers in the MMRG of the University of 
Otago allow for investigation of the size structure of this population over time, using IPI to 






This chapter aims to describe the size-structure sperm whales visiting Kaikōura and 
investigate whether there has been a long-term trend in the mean size of the population 
between 1996 and 2019. It also aims to examine evidence for whether size structure differs 





3.2.1 Data collection 
 
Data were collected from an 821	km! area south of the Kaikōura Peninsula. This study area 
extends offshore to 12 n.mi. and to 15 n.mi. south of the Kaikōura Peninsula (Fig. 2.1). Data 
collection followed the established methodology that has been used for a long-term research 
programme by Otago University’s MMRG. Briefly, sperm whales were tracked visually and 
acoustically, then multiple photos were taken of the individual upon fluke-up for 
photographic identification, and recordings were made using a custom-built stereo 
hydrophone array (Barlow et al., 2008). Recordings started when the whale dived, and 
continued until (a) at least 15 minutes of continuous recording was completed, (b) the target 
whale was judged to be too far away, or (c) other whales appeared to be closer to the 
hydrophone array or louder than the target whale (Growcott et al., 2011). Recordings were 
analysed using the Pamguard IPI plugin developed by Brian Miller, using the recommended 
parameters (Miller et al 2010). Cepstrum analysis was used to determine the IPI of the 
individual in the recording, which was then extrapolated to estimate total length using the 
equation provided by Growcott et al. (2011). A full description of data collection and 
acoustic length estimation is provided in Chapter 2. 
 
I collected sound recordings from the winter of 2018, until summer 2020. Additionally, 
sound recordings made from 1996 onwards by a variety of researchers (Rhinelander and 
Dawson, 2004, Growcott et al., 2011, Miller et al., 2013, Guerra, 2019) were reanalyzed 
using Pamguard. Earlier recordings (1990-95) made on analog tape recorders were not 
analysed because instability in tape speed would degrade measurement accuracy. Recordings 
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that had fewer than 50 clicks were removed from the analysis (n = 2). Recordings that fell 
outside the usual time frame of summer (November – February) and winter (May – July) 
were excluded from the temporal and seasonal analysis. 
 
3.2.2 Acoustic length estimation 
 
The updated IPI estimated total length equation (from Chapter 2): 
 	
𝑇 = 1.056𝐼 + 7.387 
 
(in which T is total length and I is IPI), is based on IPI analysis and aerial photogrammetry 
and was used to enable a more accurate analysis of the size structure of this population.  
 
3.2.3 Statistical analysis 
 
To examine the size-structure of this population over time (1996-2019), long-term size data 
were grouped according to three natural breaks in the research period. These groups were 
1996 – 2000, 2005 – 2009, and 2014 – 2019. Data from 2002 were not included as they did 
not fit these natural breaks. There are several estimates of size at physical maturity. For the 
purposes of this investigation I used 16 m as the length at physical maturity, as stated by 
Whitehead (2018). Due to the small sample size, a randomisation test was chosen to test 
whether the proportions of size frequencies differed across each of the study periods. For the 
purposes of this test, size frequencies were binned in one-metre groups. 
 
To investigate temporal patterns in the mean size of the population visiting Kaikōura, a linear 
regression model was used with season and year as effects. As above, for whales with more 
than one measurement per season, the mean of multiple size estimates was taken to create 
one estimate per whale per season. Winter and summer seasons were analysed individually 
using linear regression models, with year as the effect. Multiple measurements of a whale in 
the same season were averaged to create one measurement per whale per season. Summer 
and winter mean sizes of each whale per season were plotted individually. To examine the 
seasonal differences in size structure over time (1996-2019), size data were grouped 
according to the three natural breaks in the research period, and split between summer and 
winter. T-tests were conducted to test for seasonal differences in mean length between each 
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Using the Pamguard plugin, 507 recordings were analysed from a total of 60 whales, 
spanning 23 years (Table 3.1). A total of 195,438 clicks were analysed for this study. The 
mean number of clicks analyzed for each recording was 385 (min 65 – max 2482). Some 
field seasons (winter 2006, winter 2008, summer 2008, summer 2009) had unusable acoustic 
recordings due to other loud whales being present, shipping noise, equipment faults, or 
missing data accompanying the recordings. Gaps in the sperm whale research programme 
(winter 2002 – summer 2005, winter 2009 – summer 2013) resulted in no acoustic recordings 
being available for analysis during these periods.  
 
Table 3.1: Seasonal summary of number of acoustic recordings of sperm whales at Kaikōura 
(1996-2019) used in acoustic length estimation. 




Mean no. of 




per whale  
1996 Summer 4 3 1.33 1 - 2 
1996 Winter 10 5 2 1 - 5 
1997 Winter 10 3 3.33 1 - 7 
1998 Summer 6 2 3 2 - 4 
1999 Summer 5 3 1.66 1 - 3 
1999 Winter 5 4 1.25 1 - 2 
2000 Winter 12 6 2 1 - 4 
2002 Winter 9 6 1.5 1 - 2 
2005 Summer 16 7 2.28 1 - 6 
2006 Winter 10 6 1.66 1 - 3 
2006 Summer 14 6 2.33 1 - 3 
2008 Summer 13 5 2.6 1 - 4 
2008 Winter 10 5 2 1 - 3 
2009 Winter 27 12 2.25 1 - 4 
2014 Summer 9 8 1.12 1 - 2 
2015 Summer 26 12 2.16 1 - 6 
2015 Winter 23 15 1.53 1 - 2 
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2016 Summer 13 7 1.85 1 - 4 
2016 Winter 22 15 1.46 1 - 3 
2017 Summer 26 12 2.16 1 - 4  
2017 Winter 25 9 2.77 1 - 5 
2018 Summer 11 5 2.2 1 - 5 
2018 Winter 23 15 1.53 1 - 3 
2019 Winter 69 17 4.05 1 - 8 
  2019  Summer 26 8 3.25 1 - 9 
 
 
3.3.1 Temporal trends in size structure 
 
 
From 1996 – 2000, mean size ranged from 13.37 m – 15.54 m (Fig. 3.1). Between 2005 – 
2009, the size structure was similar, ranging from 13.45 – 15.58 m (Fig. 3.1). From 2014 – 
2019 there was a larger range of mean sizes, from 13.87 – 17.39 m. A randomisation test 
showed no evidence for differing proportions of size frequencies across the three study 
periods (P  = 0.21). The largest whale visited the study area during recent years (17.39 m – 
2019), and the smallest whale visited in the early years of the research programme (13.37 m - 


















Figure 3.1: Frequency of mean sizes of whales at Kaikōura grouped in classes of 25cm. 
Whales measured multiple times during this period have been averaged to create one data 









































































































































































































































From 1996 – 2000 lengths ranged from 13.37 – 15.54 m (Fig. 3.1), with a mean length of 
14.52 m. Lengths from 2005 – 2009 ranged from 13.45 – 15.58 m, with mean length of 14.58 
m (Fig. 3.1). In the final period 2014 – 2019, lengths ranged from 13.87 – 17.39 m, and the 
mean length was 14.94 m (Fig. 3.1). 5% of whales present during this period were >16 m, the 
length at which physical maturity is reached as described by Whitehead (2018). From 1996 – 
2009 there appears to be no obvious trend in the mean length of whales present in Kaikōura 








Figure 3.2: Mean length of sperm whales at Kaikōura per season (1996 – 2019). Circles 
represent mean IPI derived length of whales per season, error bars indicate standard error of 








































































Linear regression analysis determined that year was a significant factor in the increase in 
mean length of whales visiting Kaikōura (F2,134 = 14.52, p = <0.005, r2 = 0.12; Table 3.2). 
 
 
Table 3.2: Linear regression model statistics for mean size of sperm whales across years 1996 
– 2019. Top row indicates all seasons included, middle row indicates summer seasons only, 
and bottom row indicates winter seasons only. 
 Coefficients Standard Error t-value p-value 
Intercept -25.842 11.023 -2.344 0.020 
Year 0.020 0.005 3.710 2.71 × 10-4 
Season Winter -0.302 0.079 -3.801 1.93 × 10-4 
Intercept -62.479 21.159 -2.956 0.004 
Year 0.039 0.011 3.664 4.57 × 10-4 
Intercept -6.633 12.003 -0.553 0.582  
Year 0.010 0.006 1.781 0.078 
 
 
Linear regression analysis of mean lengths of whales in summer only showed a significant 
increase in length over time (F 1,76 = 13.43, p = <0.005, r2 = 0.14) (Fig. 3.3, Table 3.2).  
There was no evidence for a temporal trend in length over the same period during winters 
















Figure 3.3: IPI derived length of sperm whales at Kaikōura during summer (1996 – 2019). 
Points indicate individual whales. Dashed line indicates regression, grey shading represents 
95% confidence interval.  N = 78.  
Figure 3.4: IPI derived length of whales at Kaikōura during winter (1996 – 2019).  Points 
indicate individual whales. Dashed line indicates regression, grey shading represents 95% 


























































































































































































T-tests showed no evidence for differences in mean length between summer and winter for 
periods 1996 – 2000 (T(12.23) = -0.19, p = 0.846) or 2005 – 2009 (T(27.40) = 0.74, p = 
0.461)(Fig. 3.5). In the most recent period (2014 – 2019) the mean length of whales present 






Consistent IPI values can be obtained by averaging cepstra of as few as 50 clicks (Antunes et 
al., 2010), a number far exceeded in the current study (mean: 385, range 65 – 2482). This 
suggests that the IPI estimates obtained should be reliable. IPI variation was also mitigated in 
this study via the field recording protocol which minimised the chance that the target whale 


























Figure 3.5: Boxplot of mean IPI estimated length of sperm whales at Kaikōura during 
summer and winter seasons, grouped into the main periods of research where recordings are 
available, 1996 – 2000, 2005 – 2009, and 2014 – 2019. N = 163.  
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2011). As the equation to estimate total length from IPI was updated using aerial 
photogrammetry to measure the total length of the whale in chapter 2, the length estimates in 
this study should be more accurate than previously published. This reduces potential errors in 
size estimation, and improves the ability to detect and segregate different sized whales 
(Bøttcher et al., 2018). 
 
3.4.1 Size structure of sperm whales at Kaikōura 
 
Recordings spanning 1996 – 2019 allowed for examination of the size structure of whales at 
Kaikōura during different periods of the research programme. The earliest research period 
from which recordings are available (1996 – 2000) showed the smallest range in sizes (13.37 
m – 15.54 m; Fig. 3.1). Whitehead (2018) states physical maturity of male sperm whales is 
reached at approximately 16 m. Mean length of physical maturity of sperm whales measured 
in Cook Strait whaling ranged from 15.5 – 15.9 m (Gaskin and Cawthorn, 1973). This 
implies that during this period the whales visiting Kaikōura were subadult males, some on the 
brink of physical maturity (see also Dawson et al., 1995). Previous studies have also 
considered these whales to be ‘bachelors’ (Jaquet, 2006). Between 2005 – 2009, the size 
structure remained similar, ranging from 13.45 – 15.58 m (Fig. 3.1). This range implies the 
whales measured during this period were also at a similar stage, the majority being subadult. 
The most recent research period (2014 – 2019) shows a  range of mean sizes of 13.87 – 17.39 
m, larger than the previous periods (Fig. 3.1). The majority of whales in this period would 
still be considered subadult, however 5% of the whales present during this period would be 
considered physically mature (>16 m; Whitehead, 2018). Although this is a small percentage, 
this indicates that Kaikōura is not only an important area for subadult males, but in recent 
years physically mature males also visit. Although larger whales appeared to visit Kaikōura 
in the most recent research period, there was no evidence for a change in proportion of size 
frequencies over the three study periods. This indicates there has been no significant change 
in the size structure over the course of the study (1996 – 2019), with the sample sizes that are 
currently available. 
 
3.4.2 Worldwide size ranges of sperm whales  
 
Giorli and Goetz (2019), using Growcott et al.’s (2011) equation, reported whales in the size 
range of 12 – 17 m offshore off Kaikōura, with larger ranges of 10 – 18 m off Cape Palliser 
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(South coast of NZ’s North Island), and 9 – 19 m at their Castle Point site (East of the 
Wairarapa coast of NZ’s North Island). The size range at their Kaikōura site is very similar to 
this study (13.36 m – 17.40 m). Although only three whales described in their study had IPIs 
equating to a size of  >18 m, the other sites had a much larger range in sizes than described 
by this study. Estimates in excess of 18 m are very close to the maximum recorded for sperm 
whales (Rice, 1989), and should be viewed with some caution. It must be noted that the 
Growcott et al. (2011) regression included no whales over 16 m in length, and may not be 
accurate in this range. Whales smaller than 12 m were present at Castle Point and Cape 
Palliser, suggesting presence of females and juveniles, however whales <11 m were 
considered outliers as there were uncertainties to actual presence of these individuals, or if 
these were artefacts of data processing (Giorli and Goetz, 2019). 
 
Sperm whales measured via IPI in the western North Atlantic ranged from 7 - 22 meters in 
length (Adler-Fenchel, 1980). The mean length reported was 15.6 m, and 17.1 m for the 
sample from more northern waters (Labrador and Newfoundland) (Adler-Fenchel, 1980). 
This sample also included whales from the southern waters (Bermuda and the Caribbean) 
where the entire size range is expected, because nursery groups are present and males come 
to breed (Adler-Fenchel, 1980). However, these larger estimates are not credible, as they are 
much larger than the largest recorded male sperm whale (18.3 meters; Rice, 1989). These 
sizes were also estimated using an older second order polynomial equation (TL = 0.86 + 4.53 
IPI - 0.142(IPI × 1.3)2) presented by Møhl et al. (1981), and because raw data were not 
published, sizes cannot be recalculated. Caruso et al. (2015) estimated sperm whale length 
acoustically via recordings from a cabled hydrophone array deployed at a depth of 2100 m in 
the Central Mediterranean Sea. Using the equations of Gordon (1991) and Growcott et al. 
(2011) revealed that the sperm whales recorded were between approximately 7.5 – 14 m. The 
majority of individuals were between 9 and 12 m (adult females or juvenile males). Only 13 
whales were estimated to be between 12 and 14 m, and specimens longer than 14 m seemed 
to be absent from this area (Caruso et al., 2015). These studies reflect the theory that older 
and larger males are typically found in higher latitudes (Whitehead, 2018).  
 
3.4.3 Trends in size and abundance 
 
Throughout the research period (1996 - 2019) there was a slightly increasing temporal trend 
in mean size (Fig. 3.2, 3.3). This trend appears to be driven by increasing length during 
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summer seasons, with no evidence for a temporal trend in length during winter seasons only 
(Fig. 3.3, 3.4).  
 
Van der Linde (2009) observed a decline in abundance of sperm whales at Kaikōura from 97 
individuals (95% CI: 62 – 153) in 1991, to 46 individuals (95% CI: 36 – 60) in 2007. In the 
most recent period of research (2014 – 2019) there has been a significant seasonal difference 
in mean sizes, with smaller whales present during winter months, and fewer larger whales 
present during summer months (Fig. 3.5). This recent period includes the continued decline 
described by Somerford (2019), which appears to be driven by a lack of new recruits during 
summer months. These combined observations suggest a scenario where the same individuals 
are returning each summer, growing each year, and hence contributing to an aging 
population. Without recruitment of smaller, younger males, this results in an increase in mean 
size of the population of sperm whales visiting Kaikōura during summer (Fig. 3.3). There has 
been no significant trend in winter abundance during this same period (Somerford, 2019), and 
no significant trend in mean size during winter (Fig. 3.4). Because their recorders were 
deployed for only a few months, the data from Giorli and Goetz (2019) cannot bear on the 
question of seasonal or long-term differences in size structure.  
 
The causes for the seasonality in abundance are largely unknown, however Guerra (2019) 
identified correlations between abundance and the influence of oceanographic variability on 
prey availability. These include influences of sea surface temperature and oceanographic 
features such as the Subantarctic wisp, which likely affect squid numbers (Shaw and Vennell, 
2000, Guerra, 2019). Isotope ratios show an increase in the contribution of squid to sperm 
whale diets at Kaikōura during summer (Guerra, 2019), and high reliance in this variable 
food source could result in years with lower whale abundance as a consequence (Jaquet et al., 
2003). Intraspecific competition between animals often occurs in situations where resources 
are limited (Monaghan et al., 1986, Mathis, 1990, Ramsay et al., 1997). Low food availability 
during summer could potentially result in a competitive foraging environment, in which 
larger whales could have an advantage. Pirotta et al. (2011) suggested that segregation of 
sperm whales in the Mediterranean appeared to be driven by water temperature, and might 
reflect different needs or intraspecific competition. If the habitat quality at Kaikōura is 
declining, the number of whales it can support may decline. Larger whales should have a 
competitive advantage in an area with limited resources. Although speculative, this idea 
matches the observed trend. Decreased resource availability has been linked to reduction in 
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body size in other mammals (Rode et al., 2010, McNutt and Gusset, 2012). Male sperm 
whales range widely (Whitehead, 2018), however, and would be unlikely to undergo 
reductions in body size due to decreased resources in a specific area, providing little support 
for this idea. This also does not reflect the increasing length trend observed in Kaikōura in 
summer. Large, mature males return to tropical breeding grounds to join female nursery 
groups to mate, however the timing of this is unknown (Whitehead, 2018). It could be 
possible that the largest whales are absent in winter due to breeding. However, we currently 
have no knowledge of where sperm whales go when they are not present in Kaikōura, or 
where these whales go to breed, so there is little evidence to support this idea. Regardless of 
the cause, the decline of these apex predators is likely to have consequences for the Kaikōura 
canyon ecosystem.  
 
Using whaling records from the International Whaling Commission dating back as far as 
1880, McClain et al. (2015) reported a temporal decline in size in both male and female 
sperm whales. Although they did not publish mean lengths or ranges, they reported a 
decrease in size across all regions (South Pacific, Indian, South Atlantic, North Pacific, North 
Atlantic, Southern Hemisphere pelagic, South Georgia) except the South Shetlands (McClain 
et al., 2015). These declines may be from the targeting of larger individuals through a process 
called “gunner selection” as more oil could be produced (Ivashchenko et al., 2011, McClain 
et al., 2015). They may also be from a shift to target immature males and females during the 
later period of Soviet whaling when indiscriminate harvesting and state-sanctioned 
misreporting was rife (Ivashchenko et al., 2011, McClain et al., 2015). Although the 
moratorium on commercial whaling came into effect in 1986, there is evidence of lingering 
impacts on many whale populations, and especially on sperm whales (Whitehead et al., 
1997). Whaling occurred in Kaikōura during New Zealand’s last phase of whaling in 1963 
and 1964, with a total of 248 sperm whales taken from this area during this period (Grady, 
1982). The smallest sperm whales that visit Kaikōura are approximately 15 years old 
(Rhinelander and Dawson 2004). To have survived whaling at that time, and still be visiting 
today, those individuals would be at least 72 years old, beyond the estimates of maximum 
longevity (Rice 1979). Hence, this study is too recent to bear directly on any lingering size-
related effects of this whaling. 
 
This study has shown that passive acoustic monitoring over long time scales can be used to 
investigate temporal and seasonal trends in the size of sperm whales, as well as patterns in 
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size structure over time. A key advantage of the long-term sperm whale research programme 
at Kaikōura is our ability to identify the individuals we are recording, and, for some 
individuals, observe them over many years. Of course, we are not always able to be record 
every individual present, and for individuals encountered once only, replicate recordings are 
not possible. Nevertheless, this study shows the value of long-term study in being able to 
address questions of potential long-term change in size structure, and hence in the role that 




































Measuring animal size, and quantifying growth, is crucial to understanding life history 
(Leberg et al., 1989). Patterns of growth can provide insight into ecological differences 
among habitats and populations (Kasuya, 1991, Miller et al., 2013), and between sexes in 
sexually dimorphic species (Evans and Hindell, 2004). Growth is dependent on a variety of 
internal and external factors (Von Bertalanffy, 1938). For many marine vertebrates, the 
internal genetic component is often more important than the external environmental 
component, however growth can be subject to alteration as environmental conditions change 
(Sebens, 1987). Therefore, changes in growth rates may be used as measure of how an 
individual or population reacts to environmental stresses (Hanks, 1981). Assessments of 
parameters such as growth, are useful for effective management of populations (Evans and 
Hindell, 2004).  
 
4.1.1 Whaling measurements 
 
Gathering accurate age, growth, and allometric information from whales is difficult (Clark et 
al., 2000). Indeed large cetaceans have typically been measured after death, in whaling 
operations (Lockyer, 1981a, b, Fortune et al., 2012). Previous studies of age, length and 
growth in sperm whales are few in number, and have come from various 20th century whaling 
catches (Nishiwaki et al., 1963, Gaskin and Cawthorn, 1973, Lockyer, 1981a), and strandings 
(Evans and Hindell, 2004). Since the focus of whaling operations was not scientific, 
measurements of length and weight were taken sporadically (Clark et al., 2000), and in some 
cases deliberately distorted (Best 1989, Kasuya, 1999). Many ecological questions require 
repeated measurements throughout an individual’s lifetime, which is impossible with both 
strandings and whaling (Miller et al., 2013).  
 
4.1.2 Recent growth estimation methods 
 
Any study intending to document growth rates must have accurate determination of size 
(Clark et al., 2000). Although large advancements have recently been made in methods for 
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measuring whales, few have been applied often enough, over a long enough period to provide 
useful information on growth (Miller et al., 2013).  
 
Miller et al. (2013) provided the first application of passive acoustic methods to measure 
growth in sperm whales, a first for marine mammals. Importantly, this allowed non-invasive 
measurement of individual growth rates, and average growth rates of male sperm whales at 
Kaikōura. To do so, he analysed recordings made by the MMRG of University of Otago over 
a period of 18 years.  The long-term acoustic data set is being updated continuously, 
providing the opportunity to revisit Miller’s (2013) analysis with new growth data from 
individuals that have previously been measured. This data set contains several individuals 
that have been recorded many times, and over a long time period (max 19 years, MMRG 
unpublished data). As the IPI method has been refined using aerial photogrammetry (Ch. 2), 
there is an opportunity to revisit this analysis with more accurate size estimation. 
 
Around the onset of puberty, male sperm whales leave their natal groups of females and 
immatures, and move to higher latitudes (Best, 1979, Rice, 1989). In general, the larger and 
older the male, the higher its average latitude (Whitehead, 2018). Since only the largest males 
migrate to the tropics to join nursery groups of females and calves for breeding purposes 
(Rice 1989), there is an advantage for younger males to search out locations with prey 
resources that can support rapid growth. The previous chapter addressed the size range of 
whales present at Kaikōura, showing that the majority of whales present are sexually mature, 
and could be considered ‘bachelors’. Additionally some physically mature whales are also 
present (see also Jaquet, 2006). Some whales spend prolonged periods at Kaikōura before 
departing (Childerhouse et al., 1995). Does Kaikōura serve as an important site for ‘bachelor’ 




Many new and existing whales have been recorded since Miller et al.’s (2013) analysis, and 
the equation for estimating total length via IPI has been updated. This study aims to revisit 
Miller et al.’s (2013) analysis to update our understanding of growth rates of whales at 
Kaikōura. By quantifying growth of whales that have been recorded over more than a decade, 
this study also aims to determine if some individuals are reaching physical maturity. 
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Additionally, I will investigate whether there is any trend in size at “recruitment” to 




4.2.1 Data collection 
 
Data were collected from an 821	km! area south of Kaikōura. This study area extends 
offshore to 12 n.mi. and to 15 n.mi. south of the Kaikōura Peninsula (Fig. 2.1). Data 
collection followed the established methodology that has been used for a long-term research 
programme by Otago University’s MMRG. Whales were tracked with a directional 
hydrophone, and multiple photos taken of the individual upon fluke-up for photographic 
identification. Recordings have been made with a range of hydrophones, latterly with a 
custom-built stereo hydrophone array (Barlow et al., 2008). Recordings started when the 
whale dived, and continued until (a) at least 15 minutes of continuous recording was 
completed, (b) the target whale was judged to be too far away, or (c) other whales appeared 
to be closer to the hydrophone array or louder than the target whale (Growcott et al., 2011). 
Recordings were analysed using the Pamguard IPI plugin developed by Brian Miller, using 
the parameters he suggested (Miller et al., 2013). Cepstrum analysis was used to determine 
the IPI of the individual in the recording, which was then extrapolated to estimate total length 
using the equation updated in Chapter 2. This equation has been calibrated from aerial 
photogrammetric measurements which have a known accuracy (Dawson et al., 2017). A full 
description of data collection and acoustic length estimation is provided in Chapter 2. 
 
I collected sound recordings from the winter of 2018, until summer 2020. Additionally, 
sound recordings made from 1996 onwards by a variety of researchers (Rhinelander and 
Dawson, 2004, Growcott et al., 2011, Miller et al., 2013, Guerra, 2019) were reanalyzed 
using Pamguard. Earlier recordings (1990-95) made on analog tape recorders were not 
analysed because instability in tape speed would degrade measurement accuracy. Recordings 







4.2.2 Computation of growth rates 
 
For computation of acoustically derived growth rates, all recordings of individual sperm 
whales were considered for analysis if the time between first and last recordings was six 
months or more. All measurements of an individual made within a season were averaged to 
create a mean length during that season, with the time taken from the most recent 
measurement in that season. Following Miller et al. (2013), growth rates were then calculated 







Where L is the length derived from the IPIs using the equation described in chapter 2, and 𝑡" 
is the time when the nth measurement.  
 
A linear regression model was used in Rstudio (Team, 2019) to investigate the relationship 
between the years that recordings spanned for an individual, and change in length. To 
investigate the relationship between length and growth rate, the growth rate for the period 
between measurements for each whale was plotted against length. A negative exponential 
regression analysis was fitted, as growth would be expected to decline to zero at physical 
maturity (Sebens, 1987).  
 
4.2.3 Modelling growth 
 
To determine whether individuals that have been recorded over a long time scale (>10 years) 
were approaching physical maturity or continuing to grow, successive measurements of each 
individual were plotted against time. Von Bertalanffy growth curves (Von Bertalanffy, 1938) 
were fitted to these measurements to model growth, using the equation: 
 
𝐿(𝑡) = 𝐿%{1 − exp[−𝑘(𝑡 − 𝑡&)]} 
 
Where 𝐿(𝑡) is length at time t, 𝐿% is asymptotic length, 𝑘 is the growth rate constant, and 𝑡& 
is the hypothetical time at which size is zero. RStudio was used to fit this model, using a 
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polynomial regression method to produce starting values (Team, 2019). Starting values were 
then used to estimate parameters 𝐿%, 𝑘, and 𝑡& using non-linear least squares methods. 




4.2.4 Size at arrival and departure 
 
Sightings and recordings of whales were analysed to determine if there had been enough 
recordings at suitable times to determine the size of individuals when they were first sighted 
in Kaikōura (“arrival size”), and the size when they were last sighted (“departure size”). Due 
to digital recordings only being available since 1996, and data gaps in the long-term 
recordings, it was decided that recordings made within one year of arrival were suitable for 
estimating size at arrival. Whales that had not been sighted since 2014 were deemed to have 
left the study area, as the survey effort for this project has been high since this time. Although 
some whales are absent from the study area for long periods e.g. 11 years between sightings 
of MLS200 (MMRG, unpublished data), these events are infrequent. Recordings made within 









4.3.1 Growth rates 
 
Thirty-seven whales were recorded across multiple field seasons, with thirty-two whales 
showing an increase in size, two whales showing no change in size, and three whales 






Table 4.1: IPI measurement summary of sperm whales at Kaikōura, showing the number of 
recordings: n, number of years spanned, initial IPI: I0, last IPI: In, initial size: L0, last size: Ln, 
change in size: 𝚫L, and average growth over all years: 𝚫L/𝚫t. IPIs are measured in 
milliseconds, whilst total length is measured in meters. Data are sorted by number of years 
spanned. 
 
Whale         n Years     I0  In  L0  Ln 				𝚫L 		𝚫L/𝚫t 
HL50 6 0.95 7.021 7.229 14.80 15.02 0.220 0.232 
LNL240 5 2.57 6.729 7.000 14.49 14.78 0.286 0.111 
HR80 10 2.66 7.708 7.708 15.53 15.53 0.000 0.000 
MLS190 4 3.03 8.313 8.313 16.17 16.17 0.000 0.000 
MSN110 3 3.03 6.104 6.333 13.83 14.08 0.242 0.080 
HL260 7 3.07 6.563 6.896 14.32 14.67 0.352 0.115 
MLN230 6 3.07 6.688 6.958 14.45 14.74 0.286 0.093 
MLN190 8 3.08 7.000 7.208 14.78 15.00 0.220 0.071 
NN70 9 3.08 6.604 6.813 14.36 14.58 0.220 0.071 
MTL230 7 3.09 8.021 8.083 15.86 15.92 0.066 0.021 
HL120 6 3.48 6.792 6.708 14.56 14.47 -0.088 -0.025 
MNS50 9 3.59 6.729 6.667 14.49 14.43 -0.066 -0.018 
NN160 14 3.95 7.000 7.333 14.78 15.13 0.352 0.089 
LSL20 7 3.97 7.000 7.458 14.78 15.26 0.484 0.122 
MSS40 6 3.99 6.417 6.833 14.16 14.60 0.440 0.110 
HB120 6 4.02 6.792 7.313 14.56 15.11 0.550 0.137 
HR250 5 4.02 8.021 8.250 15.86 16.10 0.242 0.060 
LNR100 15 4.03 7.500 7.542 15.31 15.35 0.044 0.011 
MLN90 7 4.04 6.479 6.979 14.23 14.76 0.528 0.131 
LNR240 14 4.07 7.521 7.313 15.33 15.11 -0.220 -0.054 
MTR280 16 4.07 6.875 7.375 14.65 15.18 0.528 0.130 
LNL100 4 4.75 6.958 7.208 14.74 15.00 0.264 0.056 
HR25 21 4.97 6.771 7.188 14.54 14.98 0.440 0.089 
HR30 8 5.07 7.396 8.063 15.20 15.90 0.704 0.139 
MTB150 3 5.92 6.750 7.229 14.52 15.02 0.506 0.085 
LSR60 8 5.97 6.542 7.167 14.30 14.96 0.660 0.111 
HR210 6 7.01 6.458 7.750 14.21 15.57 1.364 0.195 
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MTR140 10 7.27 6.708 7.604 14.47 15.42 0.946 0.130 
HL40 26 8.60 6.375 7.292 14.12 15.09 0.968 0.113 
MLS70 18 9.94 7.250 7.958 15.04 15.79 0.748 0.075 
HL250 10 10.03 6.521 7.563 14.27 15.37 1.100 0.110 
MTB170 21 10.48 6.333 6.625 14.08 14.38 0.308 0.029 
MLS100 6 11.16 6.792 7.229 14.56 15.02 0.462 0.041 
HL160 36 19.01 6.208 7.125 13.94 14.91 0.968 0.051 
HL140 10 19.26 6.417 7.479 14.16 15.29 1.122 0.058 
NN20 27 19.27 6.125 7.083 13.86 14.87 1.012 0.053 
LNL160 60 20.01 6.167 7.583 13.90 15.40 1.496 0.075 
 
There was a strong predictive relationship between change in size and the number of years 
























































Figure 4.1: Change in size (m) vs. years recordings spanned for whales visiting Kaikōura. 
Black line indicates linear regression, grey shading represents 95% confidence interval. N = 
37. 
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A negative exponential regression fitted to annual change in length indicated a decrease in 
growth rates as length increased (F 1,129 = 10.66, p = <0.001, r2 = 0.08; Fig. 4.2). Since 
individuals can be represented in this plot several times, and repeated measurements of 
growth are unlikely to be statistically independent, I acknowledge that there is some 




4.3.2 Fitting growth models 
 
Six whales were recorded on several occasions over 10 years or more (10.03 – 20.01 years) 
and all of these whales showed an increase in size over time (Fig. 4.3). Not every whale 
showed growth over consecutive recordings.  
Figure 4.2: Growth between successive measurements of sperm whales at Kaikōura 
plotted against total length for each consecutive measurement period for all individuals. 

























































































































Figure 4.3: IPI estimated total length of six different sperm whales recorded at Kaikōura over 
10 years or more from 1996 – 2019. Black dots show length estimates. Solid line indicates 
Von Bertalanffy growth curves, red lines indicate 95% bootstrap confidence bounds. 
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Estimates of L∞ indicate that these whales have asymptotic lengths ranging from 14.43 m – 
15.77 m. 
Table 4.2: Summary of Von Bertalanffy growth parameters for sperm whales at Kaikōura 
with measurements spanning longer than ten years. 
Whale N 
Years 
spanned L∞ K t0 
HL250 10 10.03 15.77 0.13 -17.71 
MTB170 21 10.48 14.42 0.48 -7.32 
HL160 36 19.01 15.03 0.14 -18.35 
HL140 10 19.26 15.38 0.11 -22.06 
NN20 27 19.27 15.31 0.05 -42.07 




4.3.3 Arrival and departure sizes 
 
Frequently, an individual had been present for many years in Kaikōura before being recorded, 
and often the last recording was made many years before they had departed (Fig. 4.4). This 
resulted in only nine whales being suitable for analysis of arrival size, and fourteen whales 









                  
 
Figure 4.4: Presence of whales at Kaikōura from 1990 - 2019 based on photo-ID sightings (shown 
in red) with overlapping timeline of acoustic recordings available for each individual (black lines). 





























































































































                                                                                                                                 
The mean size for whales on arrival in Kaikōura was 14.79 m (13.97 – 15.86 m, N = 9; Fig. 
4.5), whereas mean size on departure was 14.99 m (14.03 – 15.73 m, N = 14; Fig. 4.6). The 






























































Using the updated IPI equation described in chapter two, growth rates were estimated for all 
whales that had both identification photographs, and recordings that were made greater than 
six months apart. Thirty-two out of thirty-seven whales showed an increase in size across 
multiple field seasons, with two whales showing no change in size, and three whales showing 
an apparent decrease. Whales showing no change (i.e. HR80, MLS190)  were recorded over 
short periods (2.6-3 years) and were relatively large to start with (>15.5 m). Individuals 
showing a decrease in length is likely due to the variability in IPI estimates that can occur 
within individuals (Bøttcher et al., 2018). The largest decrease shown (22 cm, over 4 years) 
was shown by LNR240. This decrease is 1.4% of its initial estimated length, and hence is 
probably beyond the resolution of the IPI measurement method. In my study, variation in IPI 
was mitigated via standardisation of field protocol, and use of large sample size as described 






















































Figure 4.6: IPI derived length of whales at Kaikōura upon departure (N = 14) 
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4.4.1 Sperm whale growth 
 
Using an updated IPI equation based on aerial photogrammetry for which the accuracy is 
tested, and in which the images show the whole whale, growth rates of whales at Kaikōura 
were updated. Data collected since the study conducted by Miller et al. (2013) were added 
and analysed. As would be expected, whales that were recorded over longer time spans 
showed larger increases in size (Fig. 4.1). As growth would be expected to decline until 
physical maturity (Sebens, 1987), a negative exponential regression was fitted, showing a 
decrease in growth rate as length increased (Fig. 4.2). Whales show determinate growth, 
where growth attenuates with size or age, and the largest members of the population show 
little or no growth (Sebens, 1987). The negative exponential curve suggests that growth 
levelled off at approximately 16 m (Fig. 4.2), similar to that reported by Lockyer (1981a; 
15.85 m) and Whitehead (2018; 16 m), however growth in some individuals appears to level 
off before this.  
 
Miller et al. (2013) reported that growth rates at Kaikōura appeared well below those derived 
from whaling in the Southeast Pacific (Lockyer, 1981a), and most were lower than those 
reported from whaling in the North Pacific (Nishiwaki et al., 1963). The growth rates 
reported by Miller et al. (2013) matched most closely to those derived from whaling in the 
Cook Strait (Gaskin and Cawthorn, 1973), but were still lower. However, it is difficult to 
distinguish whether these differences are real or are the result of falsified whaling data, or the 
distinctly different measurement techniques used in these studies (e.g. IPI vs measuring tape) 
(Miller et al., 2013). If these differences are real, many whales continually returning to 
Kaikōura do not grow as large as those taken during whaling (Miller et al., 2013).  
 
Whaling occurred around New Zealand from the 1830s until as recently as 1970, with 9720 
sperm whales being taken between 1961 and 1970, of which 75% were male (Gaskin and 
Cawthorn, 1973). Two-hundred and forty eight sperm whales were taken from Kaikōura 
during the last phase of whaling in New Zealand (1963 – 1964; Grady, 1982) . In 1999 the 
global population of sperm whales was estimated to be approximately one-third of pre-
whaling levels (Whitehead, 2002). This makes it extremely unlikely that populations have 
recovered enough for density dependence to have slowed the growth of individual whales at 
Kaikōura (Miller et al., 2013). Guerra (2019) suggested that the influence of oceanographic 
variability on prey availability in the Kaikōura canyon may be reducing the quality of this 
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area as a foraging habitat for sperm whales. Reductions in food availability and quality of 
foraging habitat have been linked to reduced growth in mammals (Calkins et al., 1998, Rode 
et al., 2010), reptiles (Madsen and Shine, 2000) and birds (Lepage et al., 1998). It is also 
possible that individual variability may play a role in the reduced growth rates seen at 
Kaikōura, as seen in other species elsewhere (Von Hertell et al., 1990, Benoît and Pepin, 
1999, Hildner et al., 2003). In this case the observed difference between growth rates could 
arise from sampling error; perhaps these particular whales do not grow as fast or as large as 
whales from other populations (Miller et al., 2013). 
 
Von Bertalanffy growth models have commonly been used to describe whale growth 
(Lockyer, 1981b, George et al., 1999, Evans and Hindell, 2004). These growth curves show 
that growth in several of the whales repeatedly observed off Kaikōura has levelled off, 
implying these whales have reached physical maturity. Males are thought to reach physical 
maturity at roughly 50 years old, at approximately 16 m (Whitehead, 2018). Lockyer (1981a) 
reported physical maturity at an average length of 15.85 m. Some whales at Kaikōura show 
levelling off of growth before this length, which could indicate they are still growing slowly, 
or, more likely, that there is individual variation in maximum size, and size at physical 
maturity. This study indicates that some sperm whales may reach physical maturity at sizes as 
small as 14.42 m, and all asymptotic lengths indicated by the Von Bertalanffy growth curves 
were lower than the lengths at physical maturity described by Lockyer (1981a) and 
Whitehead (2018; Fig 4.3, Table 4.2). Data from Rhinelander and Dawson (2004) suggested 
that most sperm whales present at Kaikōura are sexually mature males, between puberty and 
physical maturity. Chapter 3 addressed the size ranges of the whales in Kaikōura, and how in 
recent seasons physically mature males have been present. The data in this chapter indicate 





4.4.2 Trends in arrival and departure sizes 
 
Whales which appeared to have emigrated permanently were on average only 20 cm longer 
(95% CI of the difference = -31 to 72 cm) than freshly arrived individuals. This would seem 
to provide little support for the idea that younger sperm whales use Kaikōura in order to 
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reach physical maturity, and hence breeding status, as fast as possible. Given that we have no 
knowledge on where these whales go when they are not in Kaikōura, it is challenging to 
understand whether or not this area serves as an important site in terms of growth. We also 
know that whales can return to the study area after long periods of time, adding further 
complexity to these questions. Due to unavoidably low sample size it is difficult to gain a 




As the same individual whales were recorded across multiple seasons, each measurement is 
not considered truly independent of one another. This in an inherent limitation of the negative 
exponential regression analysis. Recordings cannot always be gathered from every individual 
in a season. Some whales may only be present in Kaikōura outside our field seasons, eluding 
the potential for recording. This results in missing length and growth data for individuals in 
some seasons. Due to different project objectives at Kaikōura, making acoustic recordings 
has not always been a priority with every encounter. This has reduced the sample size of 
recordings being available for size on arrival and departure, as some whales were not 
recorded in the first or last seasons they were encountered.  
 
This study has provided an updated and more accurate growth analysis of sperm whales at 
Kaikōura, using the updated IPI equation presented in chapter two. Further, it complements 
the data presented in chapter three, showing that some whales are reaching physical maturity 
at Kaikōura. It also presents information on the trends of arrival and departure sizes of these 





Chapter 5: General Discussion 
 
The three main objectives of this thesis were to: 
 
1. Test the accuracy of the IPI method at measuring the total length of sperm whales 
using known-accuracy photogrammetry from a hovering UAV, and develop a new 
regression equation for estimating total length. 
2. Describe the size structure of the population of sperm whales visiting Kaikōura, and 
investigate whether there has been a long-term trend in size between 1996 and 2019.  
3. Analyse growth rates of sperm whales visiting Kaikōura, and investigate trends in size 
at recruitment and departure in order to gain a better understanding of the importance 
of Kaikōura as a habitat for sperm whales. 
 
 
5.1 Aerial photogrammetry of sperm whales in Kaikōura, a comparison with 
acoustically derived length estimates 
 
Total length of sperm whales was measured by aerial photogrammetry, using the UAV 
system and software described by Dawson et al. (2017). Repeated photogrammetric 
measurements of 19 sperm whales showed a mean CV of 1.5%. Nineteen whales were 
measured using aerial photogrammetry, and also recorded acoustically. Using these data, a 
new regression equation relating IPI and total length was calculated. This new equation did 
not fit as closely as that of Growcott et al. (2011), but does not rely on extrapolation to total 
length of the whale, and therefore is likely more accurate. When using acoustic recordings to 
estimate the length of sperm whales in other high latitude populations, this equation should 
be preferred.  
 
This was the first time a UAV has been used to obtain length estimates of sperm whales. This 
study showed that operation of a mid-size quadcopter from a small boat in conditions with 
moderate swell and wind, whilst challenging, is possible. Recent advancements in UAV 
technology, along with affordability and adaptability of off-the-shelf systems, make them 
attractive platforms for future research. Using the MATLAB GUI described in Dawson et al. 
(2017), there is also the ability for a variety of other measurements to be taken, which could 
be useful for investigating the condition of these whales.  
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5.2 Seasonal and long-term variation in the size structure of the population of sperm 
whales at Kaikōura 
 
As abundance of sperm whales at Kaikōura varies between years, so does the make-up of the 
population. The recently demonstrated decline in the abundance of sperm whales visiting 
Kaikōura (Somerford, 2019) raises the question of potential change in size structure. An 
examination of the size structure is made possible using the long-term data set of recordings 
of sperm whales at Kaikōura from 1996 – 2019. In Chapter 3 I investigated the possibility of 
a long-term trend in size, as well as temporal and seasonal differences in the size structure of 
the population. Using the updated regression equation described in chapter 2, I was able to 
conduct a more accurate analysis of size structure and mean size over time.   
 
There was no trend in the size structure of sperm whales in the early research periods (1996 – 
2000, 2005– 2009). However, in the most recent research period (2014 – 2019) there was a 
larger range of sizes, with larger whales visiting the area. Previous research suggested that 
the whales present at Kaikōura were sub-adult males (bachelors) (Jaquet, 2006), however the 
lengths estimated in this study indicated that some of the individuals are physically mature. 
There was no significant difference in the size structure of the population over the three 
research periods. Sperm whales present during summers in the recent research period were 
significantly larger than those that visited during winter. This seasonality in mean length and 
size structure coincides with the decline described by Somerford (2019), which appears to be 
driven by a lack of new recruits to the population during summer. The increasing size during 
summer months is driven by the same individuals returning, each time having grown slightly 
larger, and contributing to an aging population during this period.  
 
This shows that passive acoustic methods can be used to investigate long-term trends in the 
size structure of sperm whale populations, and do so non-invasively. These methods can be 








5.3 An updated analysis of growth of sperm whales visiting Kaikōura 
 
Sperm whales at Kaikōura are usually solitary – this is a key advantage because it means that 
we can identify the individual being recorded. Additionally, that some individuals return to 
Kaikōura repeatedly, over long periods, allows us to investigate individual growth. Miller et 
al. (2013) provided the first analysis of growth of sperm whales at Kaikōura using passive 
acoustic methods. Many additional recordings have been made for new and existing whales 
since this study, and an updated IPI equation provided an opportunity to revisit this topic.  
 
As would be expected, whales recorded over longer time spans showed larger increases in 
size. A negative exponential regression was fitted to data on growth rate at length, indicating 
that growth rates gradually declined until approximately 16 m, where physical maturity is 
reached. This chapter complemented data presented in chapter 3, as von Bertalanffy growth 
curves indicated that growth appears to be levelling off in some individuals. This indicates 
that not only subadult ‘bachelor’ males are present at Kaikōura, but physically mature males 
as well. There was no obvious trend in size on arrival and departure from Kaikōura, 
providing little support for the idea that younger sperm whales use Kaikōura in order to reach 
physical maturity, and hence breeding status, as fast as possible. 
 
Revisiting the process of estimating growth rates acoustically is a useful tool for assessment 
of this population. Providing that recordings continue to be collected, this assessment can be 
updated easily in future, and can be used for comparison with other sperm whale populations.  
 
5.4 Implications for management 
 
In 2014, the Hikurangi marine reserve and whale sanctuary were established in order to 
protect the Kaikōura canyon ecosystem, and protect whales and other marine mammals from 
negative impacts from seismic surveying (MPI & DoC, 2013). The reserve covers 104 km2, 
and extends to the head of the Kaikōura canyon, covering important sperm whale foraging 
habitat (MPI & DoC, 2013). The reserve is, however, compromised by its design to minimise 
effects on commercial fishing (MPI & DoC, 2013), undermining any benefit to the wider 
ecosystem. In 2002, a moratorium on new whale watching permits was established by the 
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Department of Conservation, then extended for a further 10 years in 2012. This moratorium 
is up for review again in 2022. 
 
The findings of this study support conclusions about the declining pool of whales that use the 
Kaikōura habitat (Somerford, 2019). It also shows that Kaikōura hosts a range of sperm 
whales, including subadults and mature individuals, implying importance as a foraging area. 
The causes for the decline in sperm whales at Kaikōura are not fully understood, and this 
warrants for precautionary management of this population. Local anthropogenic pressures to 
sperm whales most likely come from commercial fishing, posing threats to prey species 
(Trites et al., 1997), and risk of entanglement in fishing gear (Rendell and Frantzis, 2016, 
Richard et al., 2019), as well as whale-watching tourism (Richter et al., 2006, Markowitz et 
al., 2011), and noise pollution from boats and shipping (Richardson et al., 1995). In order to 
maximise the protection of sperm whales at Kaikōura, I would advocate for the following 
management recommendations: 
 
- A continued moratorium on new whale watching permits, for both boat and aircraft 
tours. 
- The development of guidelines to reduce tourism pressure on individuals that are 
visiting frequently in summer, when whale numbers are much lower.  
- Increasing the size of the Hikurangi marine reserve, in order to cover more sperm 
whale habitat, and provide better protection from overlap with fisheries (Gormley et 
al., 2012).  
- Shifting of shipping lanes outside the Whale Sanctuary, in order to reduce the risk of 
collision with whales, and to lower noise pollution. 
 
 
5.5 Future research 
 
Despite 29 years of research at Kaikōura and the prominent presence of a whale watching 
industry, many important questions concerning sperm whales remain unanswered. Where 
these whales go when they are not in Kaikōura is unknown, as well as which stock they come 
from, and breed with when they leave. 
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5.5.1 Size structure analysis 
 
Gathering data on size structure should continue, as a more complete data set would be more 
useful for detecting accurate seasonal and temporal trends. Sperm whales appear to show 
fine-scale habitat preferences at Kaikōura, which is thought to indicate preferred foraging 
habitat (Guerra et al., 2017). However, isotopic signatures of these whales are not correlated 
with body size, suggesting that larger whales do not have distinct diets, but potentially 
occupy habitat with higher prey density (Guerra, 2019). It would be interesting to see if size 
influences distribution, and reflects foraging habitat. 
 
Investigating size structure in other regions could potentially help identify where whales go 
when they leave Kaikōura. Although current methodology to estimate body length via IPI is 
not sufficiently reliable for distinguishing between individuals, knowing the size range of 
whales in an area could help identify which areas these whales could potentially visit, and 
assist in site selection for areas of future research. This may reduce the need to physically tag 
individuals to gain this information, which is invasive and can result in significant injury to 
the animal (Moore and Zerbini, 2017). Passive acoustic monitoring of sperm whales in 
different locations around New Zealand may help us gain a wider understanding of sperm 
whale size structure, and how it differs in waters around the country.  
 
5.5.2 Growth and condition 
 
Continuation of aerial photogrammetry of sperm whales at Kaikōura would be beneficial for 
continued size analysis of this population. Future growth analysis could be done using aerial 
photogrammetry, without the need for extrapolation to total length from IPI.  
 
Swell and forward movement of sperm whales at the surface typically created enough white 
water around the whale to obscure the animal’s sides, hence only a few aerial photographs 
each season were suitable for analysis of body condition. Nevertheless, continuing these 
efforts may allow investigation of individual and seasonal differences in condition. This 
information may provide a baseline for further analysis on condition. It is another useful 
metric that could help assess the health of this population, and is currently applied to several 
other cetacean species (Christiansen et al., 2016a, 2018, Fearnbach et al., 2018, Burnett et al., 
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2019), most recently comparing condition among different populations of right whales 
(Christiansen et al., 2020). 
 
5.5.3 Tourism impacts 
 
The decline in sperm whale numbers in Kaikōura is driven mainly by lack of new recruits 
during summer (Somerford, 2019). The greatest level of vessel visitation to the whales is in 
the summer months, when some whales spend approximately half their surfacings 
accompanied by one or more boats (Markowitz et al., 2011). Richter et al. (2006) found 
differences in time to first click, blow interval and swimming direction due to the presence of 
whale watching vessels, and noted that these differences were typically stronger in transient 
whales, rather than residents. Because the whales at Kaikōura are nearly all males, and the 
effect sizes of differences detected were small, Richter et al. (2006) concluded that the impact 
of the observed changes was unlikely to be biologically important. Markowitz et al. (2011) 
also found differences in blow intervals. Observations from more “tolerant” individuals tend 
to predominate in these studies; any whales that leave the area due to disturbance cannot be 
studied. Sperm whales have the widest geographic distribution of any marine mammal 
(Whitehead, 2018). While the population-level effect of these changes is probably trivial, 
Kaikōura’s sperm whales need only change their habitat use slightly, by moving further 
offshore, to have major economic impacts on whale watching. If, for example, the whales 
leave the area or become boat-negative in response to whale watching activities, as shown by 
humpback whales in Tonga (Fiori et al., 2019), whale watching will have undermined its own 
future (Richter et al., 2003). It would be beneficial to investigate whether there is a 
correlation between tourism intensity and the relative abundance and/or spatial distribution of 
whales at Kaikōura.  
 
5.5.4 Investigating causes for the decline 
 
The decline of sperm whales at Kaikōura is important; they are a taonga species (Gillespie, 
1999), the primary focus of the tourism industry (Curtin, 2003), and the top predators in the 
Kaikōura canyon ecosystem. The influence of oceanographic variability on prey availability 
has been identified as a factor likely contributing to the decline (Guerra, 2019), however no 
definitive conclusions can be drawn. A key knowledge gap highlighted by Guerra (2019) is 
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the lack of information on sperm whale prey, particularly arrow squid, ling, and hāpuku. 
Further research on the diet, distribution and movement of these species at Kaikōura would 
provide insight into why and how their abundance fluctuates. This would not only provide 
insight into the diet and foraging behaviour of sperm whales, but also valuable fisheries and 




5.6 Concluding remarks 
 
This study has updated and improved our ability to non-invasively estimate the size of sperm 
whales, with implications for sperm whale research worldwide. It highlights the importance 
of long-term data collection in monitoring size and growth over time, and complements 
previous research on the decline of sperm whales at Kaikōura. Continued research on this 
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